Natural uranium samples have been irradiated in a neutron field generated via spallation reaction at the QUINTA target (500 kg of nat U). The dependence of the reaction rates of residual nuclei produced inside the samples on the incident deuteron energy of the maximum value of 8 GeV has been investigated. Both the activation measurement technique and the gamma-ray spectrometry have been used. A comparison with MCNPX calculation is enclosed. Nevertheless, the results are still preliminary and also need to be verified by providing further experiments.
Introduction
In the early 1990s, the energy amplifier [1] , a basic concept of a device for extracting nuclear energy with the use of particle beam accelerator induced nuclear reactions, was introduced. An idea of such an apparatus was further developed and presented in Ref. [2] . At that time, a thought of Accelerator-driven systems (ADS) started to represent an attractive alternative for future safe, environment-friendly and affordable nuclear energy systems.
The main characteristic features of ADS can be summarized as follows: a neutron production is provided by the spallation reaction in a heavy-element target (e.g. W, Pb, Th, U). Contrary to the currently operating nuclear reactors, the above mentioned aspect can assure ADS operation under the subcritical conditions in a closed fuel cycle. Moreover, considering the fast neutron spectrum in ADS [3] , these systems can be effectively used for transmutation of both the long-lived fission fragments and the transuranic elements originated in the current nuclear power plants and thus to eliminate a not negligible amount of nuclear waste destined for geological repositories.
At the present time a design of ADS-based systems is being developed in many scientific laboratories all over the world, e.g. TEF at J-PARC, Japan [4] , MYRRHA reactor at SCK·CEN in Belgium [5] or ADS programme at BARC, India [6] . Relativistic Nuclear Technology (RNT) represents a specific project of the deep subcritical electronuclear systems. The RNT project has been designed by the certain members of the international collaboration "E&T-RAW". Currently, the project is being investigated at the Joint Institute for Nuclear Research (JINR), Dubna, Russia, with the use of Nuclotron accelerator as a basic experimental equipment [7, 8] .
The RNT design is based mainly on the principle of an increase in energy of incident beam particles up to 10 GeV in comparison with the value of 1 GeV regarding the traditional ADS. As demonstrated in Ref. [9] , with the increasing beam energy also grows the hardness of neutron spectra in the spallation target. In addition to the extensive neutron multiplicity, this aspect represents a crucial precondition for the successful and efficient course of both the highenergy fission and the transmutation reaction in a quasi-infinite multiplying system. For this reason a scientific interest of the whole "E&T-RAW" collaboration is currently focused on a physics research on the massive natural uranium target QUINTA. The fast neutron spectrum inside the target can be achieved through the spallation reaction using the deuteron beam having the maximum available energy E d = 8 GeV.
A basic physics research concerning the RNT includes, among others, the investigation of the main reaction processes occurring in natural uranium, the determination of generated products and corresponding reaction rates. It is also worth comparing the experimental results with the Monte Carlo calculations provided by MCNPX code [10] .
For this purpose some natural uranium samples were installed into certain position inside the QUINTA target during the 43 rd and the 45 th Nuclotron run in 2011 and 2012. Recent results are presented in this paper.
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Experimental conditions

The QUINTA target
The QUINTA target [11] represents the last commissioned experimental setup of the "E&T-RAW" collaboration. The setup is composed of about 500 kg of natural uranium. The schematic drawings illustrating the whole target assembly and a location of natural uranium samples inside the target can be observed in Fig. 1a and Fig. 1b .
The target consists of five sections separated by an air gap. Each section is 114 mm long; the value of 350 mm represents both the width and height of any hexagonal shaped section. The first section facing the deuteron beam includes 54 uranium rods and the central beam window of 80 mm in diameter. The uranium rods are characterized by the length of 104 mm and the diameter of 36 mm. Due to safety requirements, every rod has to be hermetically sealed in an aluminum shell. Additionally, each of the target units is also situated in the aluminum casing. Excluding the first section, the other sections are composed of 61 uranium rods. The target as a whole is nearly 700 mm long and of 540 kg in weight including all construction materials. The biological shielding is built of lead bricks.
Investigated experimental samples are usually installed at the sample holders. The holder can easily be inserted into, resp. removed from the air gap between the selected target sections. Thus, the sample can be irradiated in different positions depending both on radius (y axis) and length (z axis) of the target.
Finally, the target assembly is situated on the movable platform ensuring nearly effortless motion in the Nuclotron experimental hall. Before beginning the irradiation, the experimental setup needs to be precisely installed in the way that the deuteron beam could hit the center of the beam window. 
Natural uranium samples
As mentioned above, the natural uranium samples were installed at the QUINTA target in order to investigate the basic characteristics of the reactions occurring inside the uranium target assembly. The cylindrical shaped samples of several tenths gram in weight were situated at the central radial position (y = 0) between the second and the third section of the QUINTA target (see Fig. 1b .). As follows from previous related experiments provided by "E&T-RAW" collaboration, there should be expected the maximum neutron flux in this position.
As commonly known, natural uranium is mainly composed of 235 U and 238 U isotope of natural abundance 0.72 %, resp. 99.27 %. Whereas the former can easily be split by thermal neutrons because of a high cross-section value (1/v law in the low energy region), the energy threshold for fission of the latter can not be found until reaching the region of about 1 MeV. Thus, in order to estimate an impact of thermal neutrons, some uranium samples were covered by the thin (approx. 2 mm) layer of cadmium serving as a thermal neutron shielding. Since the main emphasis of the experiment is put on fast neutrons, an influence of thermal neutrons on the total number of fission reactions in the nat U samples can reliably be determined in this manner.
The irradiation process
The uranium target was irradiated with the deuteron beam of JINR Nuclotron. A range of beam energies covered the interval from 1 GeV up to 8 GeV, namely 1, 2, 4, 6 and 8 GeV. The total number of deuterons hitting the target reached at least the order of 10 12 particles per one experimental run (the lowest figure is represented by the value of (5.39 ± 0.17 ± 0.54) ·10 12 deuterons in case of 8 GeV run; the highest value of (2.72 ± 0.07 ± 0.27) ·10 13 deuterons was reached during the 4 GeV experiment). The maximum time duration of the irradiation process was no longer than 20 hours. The total beam intensity was determined with the use gamma-ray spectrometry. Several thin aluminum foils were located between the beam output of the accelerator and the beam window of the QUINTA target. The 27 Al(d,x) 24 Na beam monitor reaction was used. The reaction cross-section values were obtained by fitting the data taken from Ref. [12, 13] . The resulting values regarding the total beam intensity are listed in Ref. [14] . An uncertainty in the crosssection evaluation was there established to be 10 %. In order to exclude an influence of back scattered neutrons on the beam intensity determination via the 27 Al(n,) 24 Na reaction, one of Al foils was situated directly at the beam output, at a distance of at least 2.5 m from the target. The ionization chamber was used for monitoring of the beam intensity time profile during all irradiation processes. The beam intensity record regarding the 1 GeV experiment is presented in Fig. 2a . A corresponding beam intensity fluctuation correction factor can be found in Fig. 2b . This spectroscopy correction factor is necessary to take into consideration while processing the data of radioactive isotopes depending on their half-lives. It seems to be essential for further data analysis, especially in case of short-lived residual nuclei. 
Measurement methods
After finishing the irradiation, the gamma-ray spectrometry was used in order to reach experimental data on reactions in the uranium samples. Properly shielded and well calibrated HPGe detectors with a relative efficiency of 18% and 32.9% were utilized during all the measurements.
For the purpose of an appropriate data acquisition concerning the residual nuclei with a short half-life, a set of measurements started soon after the termination of each irradiation. Subsequently, for receiving enough data regarding the long-lived isotopes, measurements have been continuing for a long period after the end of irradiation. The time duration of measurements gradually rose up from 10 minutes up to 5 days. It is worth mentioning that each of the uranium samples was measured at least ten times.
The measured uranium gamma-ray spectra were processed using the DEIMOS code [15] . An identification procedure of residual nuclei was performed on the basis of characteristic gamma-line energy, intensity and corresponding half-life taken from Ref. [16] .
Data analysis
For further analysis it is convenient to arrange the data in the form of reaction rate R ( A r ,Z r ) of the specific isotope characterized by mass number A r and atomic number Z r . The reaction rate as mentioned in Ref. [17] is defined as the number of produced residual nuclei Q ( A r ,Z r ) per number of atoms N t in the sample per incident deuteron per second N d as follows:
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Taking the reaction rate into account, it is then not exacting to present the results in the form related e.g. per gram of the sample (as presented later in this paper), per total number of deuterons etc.
The number of produced residual nuclei Q ( A r ,Z r ) follows from the formula mentioned in Ref. [18] . This represents a pure gamma-spectrometry quantity. It depends on the corresponding peak area, energy and intensity of gamma-line, half-life of radioactive nucleus, duration of measurement, cooling time and includes some spectroscopy corrections as well.
Excluding the beam intensity fluctuation correction factor (see par. 2.3), the total correction factor also includes the detector efficiency correction, correction on dead time, selfabsorption correction coefficient and correction on decay during irradiation, cooling and measurement.
MCNPX calculation
A Monte Carlo simulation was carried out in order to compare experimental and calculated values of reaction rates. The reaction rate calculation for the respective residual nucleus can be performed in the following way:
where E th , resp. E max denote threshold and maximum energy of the reaction,  has a meaning of the reaction cross-section and  represents neutron flux depending on the respective neutron energy E n .
The simulation was performed with the use of the MCNPX 2.7a code. The complete geometric model of the target set-up was prepared [19] as a part of the input file. The neutron flux simulations were implemented combining the INCL4 intranuclear physics model and the ABLA fission-evaporation model.
Furthermore, for the purpose of the MCNPX input file, the deuteron beam profile (i.e. horizontal and vertical value of FWHM and shift of the Gaussian beam profile) was experimentally detected by solid state track detectors [20] .
Whereas the results on the neutron flux in Eq. (2) can be obtained using the MCNPX code, the corresponding reaction cross-section values need to be calculated by the NJOY [21] code and TALYS-1.4 computer program [22] .
Results and discussions
By analyzing the gamma-ray spectra of nat U samples, more than one hundred residual nuclei have been reliably identified. A wide presence of many different products of (n,), (n,2n) and (n,f) reactions was confirmed during the analysis. Some results can be already presented in this paper.
Fission reaction
As mentioned in section 2.2, some uranium samples were covered by cadmium shielding in order to determine a contribution of thermal neutrons to the total number of fission events. No significant contribution was expected with regard to the fast neutron spectrum field in the whole uranium target. The expectation has been experimentally confirmed within the statistical uncertainties since the value 1.05(12) represents the ratio of reaction rates for the fission of nonshielded and Cd-covered nat U samples during 1 GeV irradiation. Regarding this case, there are presented the experimental values of reaction rates of identified residual nuclei in Fig. 3a .
Tab. Since the fast neutron fission seems to be the main reaction mechanism occurring inside the samples, it is then possible to assess the dependence of the total number of fission in nat U on the incident deuteron beam energy. The isotopes mentioned in Tab. 1. were selected in order to determine the total number of fission events. A selection of these isotopes was based on suitable values of half-life, energy and intensity of gamma-ray lines. Moreover, the selected isotopes need to be characterized by an adequate fission yield value.
The cumulative fission yields for the fission of 235 U and 238 U there were taken from Ref. [23] for the maximum available energy of neutrons E n = 14 MeV. Proportionally to the natural uranium abundance, the cumulative fission yields were assigned to the experimental reaction rate values of the corresponding residual nuclei. Weighted average of the total number of fission events in nat U samples is presented in Fig. 3b .
A pronounced increase in the number of fission in dependence on the incident deuteron energy can be taken into consideration as an important result of this experimental study.
Nevertheless 1 times more than expected in the case of 8 GeV run). It means that the fast neutron fission is the main but probably not the only one reaction mechanism taking place in the issue.
Experimental results vs. simulation
In accordance with Eq. (2), in order to obtain calculated values of reaction rates, a computation of the reaction cross-section and neutron flux is required. The cross-section values were obtained using the NJOY code up to the maximum neutron energy E n = 20 MeV. Between this value and E n = 200 MeV, the TALYS program was used. Finally, above 200 MeV, the cross-section values were obtained by extrapolating.
The following reactions were taken into account for the purpose of comparison: 238 U(n,) 239 
7.Conclusions
A brief introduction of the massive uranium target QUINTA as a promising tool for experimental investigation of ADS-based systems was presented in this paper. The natural uranium samples inside the target were subjected to research in a set of extensive experiments.
Tab. 2. The comparison of experimental and calculated production reaction rates concerning the experiments of 2, 4, and 6 GeV deuteron beam energy; preliminary results. Analyzing measured gamma-ray spectra it was demonstrated that thermal neutrons do not play any significant role in the fission of investigated nat U samples. As presented in Fig. 3a , the reaction rates of produced residual nuclei indicate two extremes. One maximum can be found in the region of mass number A r = 95, the other is situated around the value of 135. In Fig. 3b , there can be seen how considerably the total number of fission events in nat U increases in dependence on the incident deuteron beam energy. Furthermore, as follows from the comparison of the experimental and the calculated values of the reaction rate for 238 U(n,) 239 U, 238 U(n,2n) 237 U, and nat U(n,f)FP reactions presented in Tab. 2., a relatively good agreement in the case of 2 GeV experiment is not so evident considering 4 and 6 GeV irradiation. The disagreement can be caused either by an inaccurate MCNPX physics model in the region of higher energies or by an imperfect cross section evaluation. A sensitivity of performed calculations for the deuteron beam shape and position determination can play a significant role as well. Naturally, the results on the experimental data can also be considerably responsible for the disagreement. Since the measured gamma-ray spectra are very extensive and the data processing rather complicated process, all the data need an additional analysis provided in more detail. Finally, complementary results considering the additional values of the incident deuteron beam energy should be completed by providing further experiments.
